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We study optically the coherent evolution of trions and excitons in a δ-doped 3.5 nm-thick
ZnO/Zn0.91Mg0.09O multiple quantum well by means of time-resolved four-wave mixing at tem-
perature of 1.5 K. Employing spectrally narrow picosecond laser pulses in the χ(3) regime allows us
to address differently localized trion and exciton states, thereby avoiding many-body interactions
and excitation-induced dephasing. The signal in the form of photon echoes from the negatively
charged A excitons (TA, trions) decays with coherence times varying from 8 up to 60 ps, depending
on the trion energy: more strongly localized trions reveal longer coherence dynamics. The localized
neutral excitons decay on the picosecond timescale with coherence times up to T2 = 4.5 ps. The
coherent dynamics of the XB exciton and TB trion are very short (T2 < 1 ps), which is attributed
to the fast energy relaxation from the trion and exciton B states to the respective A states. The
trion population dynamics is characterized by the decay time T1, rising from 30 ps to 100 ps with
decreasing trion energy.
I. INTRODUCTION
Zinc-oxide is a remarkable semiconductor combining
many appealing properties in one material1. Its large ex-
citon binding energy of 60 meV makes ZnO important
for numerous optical applications, including optically
pumped ultraviolet lasers, also with vertical cavity2,3,
light emitting diodes4, solar cells5, spintronics devices6,
and others7. Among the variety of ZnO-based materials,
epitaxial ZnO quantum wells (QW) are of great interest,
because the exciton properties can be fine-tuned by ad-
justing structural parameters such as the QW thickness8
or the barrier composition9 to match the needs of the tar-
geted applications. The optical properties of the QWs in-
clude also different exciton complexes, in particular, neg-
atively charged excitons (trions, T) formed from resident
electrons provided by doping. Trions were observed in
ZnO/(Zn,Mg)O QWs and studied by different magneto-
optical methods10,11. To explore the coherent proper-
ties of excitons and exciton complexes, the methods of
four-wave-mixing and photon echoes are very efficient12.
They were applied to study the picosecond coherent dy-
namics of donor-bound excitons in epitaxial films of ZnO
at low temperatures13, the homogeneous and inhomoge-
neous exciton broadenings in bulk ZnO14, and the coher-
ent biexciton dynamics in ZnO/(Zn,Mg)O QWs at room
temperature15. It was found, in particular, that the bulk
excitons in ZnO show a sub-ps coherent dynamics even
at low temperatures13,14. The donor-bound A excitons
(D0XA) in ZnO epitaxial layers, conversely, demonstrate
much longer dephasing times reaching 60 ps, while cor-
responding D0XB states show substantially shorter times
of about 3.5 ps13. The coherent optical properties of the
trions, which are important in the context of coherent
manipulation of either optical excitations or spin states
in ZnO, have not been addressed so far.
In this paper, we explore the coherent dynamics of
trions and excitons in ZnO/(Zn,Mg)O quantum wells
by means of the time-resolved four-wave-mixing (FWM)
technique. Using spectrally-narrow picosecond laser
pulses we individually address the trion and exciton
states and detect the coherent response in the form of
photon echoes. We find that the TA trions demon-
strate a long-lived coherent evolution reaching the tens-
of-picosecond timescale. Also, the coherence and pop-
ulation relaxation times of TA strongly depend on its
localization degree on the quantization potential fluctu-
ations. The B exciton and trion, however, demonstrate
strongly damped echoes revealing a major difference in
the coherent behavior compared to the A exciton and
trion, respectively.
II. SAMPLE AND EXPERIMENTAL METHOD
The studied ZnO/(Zn,Mg)O multiple QW (MQW)
sample was grown by radical-source molecular-beam epi-
taxy on a c-plane sapphire wafer. The sample consists
of a 2-nm-thick MgO nucleation layer, a 500-nm-thick
(Zn,Mg)O buffer, five 3.5 nm-thick ZnO QWs separated
by 8.5 nm-thick (Zn,Mg)O barriers, and a (Zn,Mg)O cap
layer. To provide resident electrons the MQW part was
doped by Sb δ-layers16, symmetrically placed inside the
barriers and at a distance of 4 nm before the first QW
and behind the top one. Since ZnO is intrinsically n-type,
in QWs without doping, resident electrons lead to trion
transitions in optical spectra11. The delta-doping used
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FIG. 1. (a) PL and absorption spectra of the ZnO/(Zn,Mg)O
MQW measured at T = 2 K. Features related to the TA
trion and XA, XB excitons are indicated with arrows. The
spectrum of the laser pulse used in the FWM experiments
with full-width at half-maximum of 1.7 meV is shown by the
dashed line. (b) Scheme of optical excitation of the sample
and detection of the time-resolved four-wave mixing in the
transmission geometry. PD stands for the photodetector.
here is to achieve higher electron densities and therefore
more intense trion transitions for stronger FWM signals.
The sample was grown at a wafer temperature of 300◦C.
Before deposition of the MQW part the buffer layer was
additionally annealed during 5 minutes at 590◦C. The
Mg content (x) in the buffer and the barriers amounts to
x = 0.09, which leads to small built-in electric fields9.
Photoluminescence (PL) and absorption spectra of the
studied MQW measured using the same procedures as
in Ref.11 are plotted in Fig. 1(a). They display sev-
eral features similar to those that were investigated re-
cently in a ZnO/(Zn,Mg)O MQW by magneto-optical
measurements11,17. The optical transition located at en-
ergy 3.375 eV in the PL spectrum is identified as the
TA trion. In the absorption spectrum it is manifested
as a shoulder at approximately 3.381 eV. The estimated
Stokes shift of about 6 meV is in accord with the 9 meV
PL band halfwidth, signifying the dominant inhomoge-
neous broadening of the TA transitions due to localiza-
tion. The absorption spectrum also contains two high-
energy features, corresponding to the A and B excitons
(XA, XB) located at 3.395 and 3.405 eV, respectively.
In order to access the coherent dynamics of these
transitions we implement the four-wave-mixing technique
with picosecond temporal resolution. The sample is im-
mersed in liquid helium inside the variable temperature
insert of a cryostat and cooled down to the temperature
of T = 1.5 K. Optical excitation of the sample with pho-
ton energy of about 3.4 eV (∼365 nm) is performed by
spectrally narrow laser pulses with duration of 1.3 ps,
which are obtained from the output of a tunable picosec-
ond Ti:sapphire mode-locked laser by second harmonic
generation. The pulse spectrum is shown in Fig. 1(a),
its bandwidth of about 1.7 meV is clearly smaller than
the inhomogeneous broadening of the trion and exciton
transitions. The laser pulse is split into three exciting
pulses delayed relative to each other by the time inter-
vals τ12 and τ23, as shown in Fig. 1(b). The first and
second pulses hit the sample with k1 and k2 wavevec-
tors, respectively, oriented close to the sample normal
with an angle of about 1◦ between each other, while the
third pulse propagated the same path as the second one,
k3 = k2. Linearly co-polarized pulses are focused into
a spot of about 300 µm in diameter. The FWM signal
is collected in transmission geometry along the direction
2k2−k1. Optical heterodyning and interferometric detec-
tion using an additional reference pulse (delayed by the
time τRef) are applied, as described in Ref.
13, in order to
accomplish a high-sensitivity background-free detection
of the FWM amplitude. We checked that even applica-
tion of the maximal available power density of the ex-
citing pulses (200 nJ/cm2) does not go beyond the χ(3)
regime of the FWM measurements and does not affect
significantly the measured coherence times.
III. EXPERIMENTAL RESULTS AND
DISCUSSION
Excitation of the ZnO/(Zn,Mg)O MQW in the vicin-
ity of the TA trion or the XA exciton results in a FWM
signal in form of photon echoes. Figure 2(a) displays a
typical FWM transient measured at energy 3.378 eV af-
ter application of the sequence of three laser pulses with
the delays τ12 = 26.7 ps and τ23 = 13.3 ps. It con-
sists of three echo pulses occurring at their expected lo-
cations: The PE12 at τRef = 2τ12 = 53.4 ps and PE13 at
τRef = 2(τ12+τ23) = 80 ps are the primary photon echoes
(PE) resulting from the 1-2 and 1-3 two-pulse sequences,
respectively. The three-pulse (stimulated) photon echo
(SPE) occurs at τRef = 2τ12 + τ23 ≈ 67 ps. In a two-
pulse echo experiment, variation of the τ12 delay results
in an exponential decay of the PE amplitude, from which
the coherence time (irreversible dephasing time) T2 of the
optical excitation can be obtained. Figures 2(b) and 2(c)
demonstrate PE signals detected on the TA trion at en-
ergy 3.378 eV and the XA exciton at energy 3.394 eV,
respectively. From the amplitudes of these PE transients
we evaluate the trion and the exciton coherence times to
be T2 = 30 ps and 4.5 ps for TA trion and XA exciton.
Fine tuning of the laser photon energy allows us to
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FIG. 2. (a) FWM transient measured from the TA trion
(3.3773 eV) in the three-pulse excitation regime at T = 1.5 K:
PE12 and PE13 are the two-pulse photon echoes resulting
from the pulse doublets 1-2 and 1-3, respectively. SPE is the
three-pulse photon echo. The PE13 peak is higher than the
PE12 peak, because the intensity of the pulse 3 was four times
stronger than that of the pulse 2. (b), (c) Time-resolved two-
pulse photon echoes measured from the TA trion (3.378 eV)
and XA exciton (3.394 eV), respectively, at various pulse de-
lays τ12, indicated by the arrows.
study the coherent dynamics of trions and excitons in
the MQW in much greater detail. We perform two types
of PE measurements with spectral resolution. In the
first experiment, we fix the delay between the first and
the second pulses, τ12, and detect the PE amplitude at
τRef = 2τ12 while scanning precisely the laser energy in
the range 3.365–3.420 eV. In this way we measure spec-
trally resolved the PE amplitude for a certain delay. In
the second experiment, we fix the excitation energy and
detect the PE amplitude while scanning the τ12 delay.
This gives us the accurate PE kinetics at a certain tran-
sition energy.
PE spectra measured in the first experiment for a num-
ber of τ12 delays are shown in Fig. 3(a). The laser pulse
energy is tuned and precisely detected by a spectrom-
eter while the PE amplitude is measured at a certain
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FIG. 3. Two-pulse photon echo spectra measured from
ZnO/(Zn,Mg)O MQW at different pulse delays τ12 indicated
on the right hand side.
τ12 delay. Despite of the broadening by the laser pulse
width (1.7 meV), the main spectral features are clearly
observed. In these spectra we see not only the TA trion
and the XA exciton giving echo signals at delays &10 ps,
but also the TB trion around 3.388 eV energy and XB
exciton around 3.403 eV energy present only at short de-
lays up to several ps. The energy positions of these tran-
sitions correspond well to those in the absorption spec-
trum [Fig. 1(a)]. The echo signal at energies > 3.41 eV
originates supposedly from texcited states of the QW ex-
citons. From comparison of the spectra of PL and PE
detected at τ12 = 1.3 ps we prove the TA trion Stokes
shift of 6 meV and evaluate the TA trion binding energy
of 14 meV. The binding energy of the TB trion can be
roughly estimated to be 15 meV. A comparable bind-
ing energy of the TA trion of 13 meV was measured
earlier in a ZnO/(Zn,Mg)O MQW sample with similar
composition11. We also observe a low-energy shift of the
TA and XA spectral lines with increasing τ12 delay.
In order to study the dynamics of the photon echoes
we measure the temporal decays of the PE and SPE am-
plitudes by scanning the pulse delays τ12 and τ23, re-
spectively. The results of these measurements accom-
plished with spectroscopic resolution are summarized in
Fig. 4. The panoramic spectrum of the PE decays in
Fig. 4(c) represents a set of PE kinetics measured with
an energy step of about 1 meV in the vicinity of the
A and B trions and excitons. Here, we clearly see the
longer-lived PE signal in the range of the TA and XA
features. The PE signal in the range of the TB and XB
transitions is strong, but short-lived. The TA PE kinet-
ics, shown in Fig. 4(a), follow mostly a single-exponential
decay except for the kinetics measured at laser pulse en-
ergies > 3.376 eV which demonstrate a sharp spike at
the small delays, which corresponds to the contribution
of the sub-ps TB trion kinetics. From fitting these ki-
netics by the exponential decay, we obtain the spectral
dependencies of the A trion and exciton coherence times
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FIG. 4. Two-pulse and three-pulse photon echo kinetics with spectral resolution at T = 1.5 K: PE (a) and SPE (b) kinetics as
functions of trion energy with single-exponential fittings (dashed line). The SPE is measured at τ12 = 13.3 ps. (c) Intensity plot
of the PE amplitude measured as a function of the pulse delay τ12 and laser energy. The spectral positions of the trions TA,
TB and excitons XA, XB are indicated with markers. (d) Spectral dependencies of the coherence time T2 and the population
decay time T1 extracted from the PE and SPE kinetics of the trion (left panel) and exciton (right panel). The PL spectrum is
shown by the solid line on the left panel.
T2, which are plotted in Fig. 4(d). For both transitions
TA and XA we see monotonous increases of T2 with de-
creasing energy. Trion coherence times up to T2 = 60 ps
are measured. The XA exciton coherence time reaches
T2 = 4.5 ps, which is substantially longer than that for
the free exciton that was observed in an epitaxial layer
showing phase relaxation on a sub-ps timescale13. The
exciton coherence time can be shortened by efficient trion
formation due the rather large resident electron density,
which also results in the weak XA PL signal [not even seen
in the linear intensity plot in Fig. 1(a)]. It is remarkable
that in the QW both the TB trion and XB exciton ex-
hibit such a short coherent dynamics (T2 < 1 ps), being
strongly different from that of the TA trion and XA ex-
citon, respectively. We attribute this difference to the
rapid energy relaxation from the higher energy B sub-
band to the lower energy A subband of the trion and
exciton transitions.
Using the three-pulse excitation protocol and detect-
ing the SPE amplitude we can measure the population
dynamics. In this experiment we fix the τ12 = 13.3 ps
delay and scan the τ23 delay, while measuring the SPE
amplitude at τRef = 2τ12 + τ23. The population dynam-
ics detected at different energies within the TA trion line
are shown in Fig. 4(b). These kinetics do not perfectly
match single-exponential decays, but rather manifest a
short component and a long tail. The short part can be
satisfactorily fitted with the form ∼ exp(−τ23/T1), which
gives the spectral dependence of the population decay
time T1 displayed in Fig. 4(d). We see that the trion T1
time grows monotonously up to 100 ps resulting approx-
imately in a constant ratio T2/T1 ≈ 0.5. From analysis
of the long component of the SPE decay we extract pop-
ulation decay times up to 200–250 ps (not shown), which
is in agreement with the TA trion radiative lifetime of
200 ps measured recently in the PL kinetics of a similar
ZnO/(Zn,Mg)O MQW, using a streak-camera17.
In order to uncover the role of phonons in the decay-
ing coherent dynamics, we accomplished temperature-
dependent two-pulse and three-pulse echo decay mea-
surements on the TA trion at energy 3.376 eV. The de-
coherence and population kinetics measured at different
temperatures are shown in Figs. 5(a) and 5(b), respec-
tively. The temperature dependences of the decoherence
rate Γ2 = ~/T2, the population decay rate Γ1 = ~/T1
and the pure dephasing rate Γc = Γ2 − Γ1/2 are plotted
in Fig. 5(c). We see from these graphs that the popula-
tion dynamics is weakly influenced by the temperature
up to T = 10 K. The decoherence, however, is caused
not only by acoustic phonons, whose contribution can
be evaluated by a thermal coefficient γ ≈ 2 µeV/K as-
suming a linear variation with temperature, but there is
also a temperature-independent decoherence character-
ized by ~Γd ≈ 9 µeV, so that Γc = Γd+γT . To compare
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FIG. 5. Trion coherence time T2 at various excitation inten-
sities and temperatures: Variation of the trion PE kinetics
(a) and SPE kinetics at τ12 = 13.3 ps (b) detected at energy
3.376 eV with temperature. (c) Temperature dependences of
the phase relaxation rate Γ2 (squares), population decay rate
Γ1 (circles) and pure dephasing rate Γc (triangles), obtained
from the PE and SPE decays. The dashed lines are linear
fits. (d) Spectra of the decay rates Γ2, Γ1 and Γc obtained
from the spectral data in Fig. 4. The dashed line is the PE
spectrum measured at τ12 = 6.67 ps. The arrow indicates the
spectral position, at which the temperature dependence was
measured.
with the donor-bound exciton D0XA (line I9 at 3.357 eV)
studied recently in a ZnO epitaxial layer13, where only
the temperature-dependent part with a similar contribu-
tion of acoustic phonons (γ ≈ 2 µeV/K) was present, the
QW trions experience an additional phase relaxation. In
order to check the effect of trion localization on its pure
dephasing rate we address again the spectroscopic data
from Fig. 4 and plot the spectral dependencies of the Γ2,
Γ1 and Γc decay rates in Fig. 5(d). Taking into account
that the scattering on acoustic phonons at T = 1.5 K can
be neglected (γT ≈ 3 µeV), we see that the main contri-
bution to the trion pure dephasing is the temperature-
independent decoherence (Γd), which increases strongly
with rising laser energy.
The observed low-energy shift of the A exciton and
trion in the PE spectra measured at longer delays, as
well as the monotonous increase of the trion T2 and T1
times with increasing energy can be explained by the
localization of these particles on QW potential fluctua-
tions. These fluctuations arise from random variations
in QW thickness, in alloy composition, and in electric
field due to an inhomogeneous distribution of the ionized
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FIG. 6. Trion population decay as a function of the τ12 de-
lay measured at energy 3.378 eV: (a) Schematic diagram with
spectral population grating formed by the two exciting pulses
delayed by τ12. (b) SPE kinetics for different delays τ12 (the
points) with exponential fittings (the dashed lines). (c) Trion
population decay times T1 and population decay rate Γ1 ex-
tracted from the SPE kinetics.
donors in the doping layers. Additionally, because of the
growth along the polar c-axis, there is also an inhomo-
geneous electric field due to the well width variations.
The different particle localization degree might result in
variations in the oscillator strength and, therefore, in the
population decay rate. Since both the exciton and trion
binding energies are clearly larger than the localization
energy, the internal motion inside of exciton and trion are
not strongly modified and the localization affects only the
center-of-mass wave function. Respective model calcula-
tions were carried out so far only for the one-dimensional
case of trions in a quantum wire18. For excitons localized
in a QW, only a weak decrease of the oscillator strength is
found for increasing localization19, that is much less dra-
matic than the T1 change seen in Fig. 4(d). Therefore,
we conclude that this change is dominantly the result
of trion relaxation within the localization potential land-
scape. The observed strong growth of the temperature-
independent trion decoherence rate Γd with rising laser
energy can be also explained by the trion localization.
For a weakly localized trion the elastic scattering on the
quantizing potential borders is the probable reason for
the trion coherence loss.
We evaluate additionally the efficiency of spectral dif-
fusion processes. These processes may arise in inhomo-
geneous ensembles from the excited state energy fluctu-
ations due to various interactions with the environment.
For precise quantification of spectral diffusion, different
experimental methods were developed20. Here we moni-
6tor it by means of the SPE decay measurements. Spectral
diffusion may lead to a smoothing of the spectral popu-
lation grating created by the first two exciting pulses as
shown schematically in Fig. 6(a). The larger the τ12 de-
lay, the smaller the period of the spectral grating and,
thus, the more sensitive the SPE decay to spectral diffu-
sion processes. To check, we measure the SPE kinetics
for different τ12 delays as displayed in Fig. 6(b). They
can be satisfactorily approximated by a single-exponent
decay, from which we extract the population decay rate
Γ1(τ12), plotted in Fig. 6(c). From this plot we see in-
deed some increase of the population decay rate within
~ΓSD = 5 µeV at the τ12 = 26.7 ps delay, which can be
considered as approximate spectral diffusion rate. The
effect of spectral diffusion on the trion dephasing, how-
ever, can be neglected (∼ ~ΓSD/2 = 2.5 µeV).
In line with our findings, the growth of the coherence
time with increasing exciton localization measured by
the photon echo technique was shown before on 9.6 nm
wide GaAs/(Al,Ga)As QWs by Cundiff et al.21 In the
studied QWs manifesting a Stokes shift of 1.2 meV, the
phase relaxation rates varied in the range 0.01–0.11 ps−1
(~/T2 =7–72 µeV) at T = 5 K. Also, excitons localized
in the alloy fluctuations of CdS0.4Se0.6 crystals showed
a similar variation of the coherence time across the exci-
ton spectral line, resulting at T = 10 K in an increase of
T2 from 260 up to 500 ps
22. Recently, however, a differ-
ent spectral behavior of the phase relaxation rate of the
donor-bound exciton in a CdTe/(Cd,Mg)Te single QW
was observed23. Although the heavy-hole trion demon-
strated a monotonous increase of T2 from 30 ps up to
100 ps, the D0X transition located at just 0.6 meV lower
energies showed a coherence time shortening from 100 ps
down to 50 ps on its lower-energy side.
IV. CONCLUSIONS
Using spectrally narrow laser pulses we have studied
the coherent dynamics of trions and excitons with differ-
ent localization degree in a ZnO/(Zn,Mg)O MQW. We
have been able to address the different localized states of
the trion and to observe a strong reduction of the pure de-
phasing rate with increasing trion localization. Stronger
trion localization is in favor of weaker many-body inter-
actions, which are typically manifested through the effect
of excitation-induced dephasing. In our study, however,
the available optical excitation powers were insufficient
to observed excitation-induced dephasing. It might be
interesting to go beyond the χ(3) excitation regime and
to drive the strongly localized trions with a higher op-
tical field amplitude to obtain coherent Rabi flopping.
In order to enhance the coupling between the trion and
the driving optical field, ZnO/(Zn,Mg)O QWs could be
placed in a Bragg3 or a Tamm-plasmon microcavity24.
Moreover, strongly localized trions are interesting for
further studies of spin-dependent optical coherent phe-
nomena associated with the resident electron in their
ground state. As resident electron spins in ZnO show
a small g-factor dispersion25, photon echo-based effects
exploited as optical memory on spins as realized recently
for CdTe/(Cd,Mg)Te QWs26 appear to be quite promis-
ing for ZnO/(Zn,Mg)O QWs.
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